The study presents the application of FEM numerical analysis, performed with the Abaqus software [1], for theoretical estimation of the ultimate and critical shear and flexural resistance of corrugated web girders reinforced with tension diagonal braces. In FEM numerical models, different web failure modes, observed in physical experimental research into SIN girders were taken into consideration [2]. That was done depending on the inclination angle β β of tension diagonal braces and the web thickness. FEM analysis of the shear resistance of corrugated web girders was performed using numerical models of girders. The webs, made from corrugated sheet, had the heights of 500, 1000 and 1500 mm, and the thicknesses of 2; 2.5 and 3 mm. Global shear and flexural load-displacement paths (LDPs) were determined for girder numerical models. In shear LDPs, the shares of cooperation between the corrugated web and tension diagonal braces were separated. For each numerical model, the estimates of the share of the corrugated web and diagonal braces in the shear resistance of SIN girders were produced. The results of the FEM numerical analysis of the resistance of corrugated web girders reinforced with tension diagonal braces were compared to the results of physical experimental research [2] into the girders of concern, and also with the results of calculations made for unreinforced girders acc. EC3 [19] . Conclusions were drawn and recommendations were produced, which can be applied to the construction and dimensioning of corrugated web girders reinforced with tension diagonal braces. The Abaqus software was adjusted to solve the problems related to the phenomena revealed by the research [2]. 
INTRODUCTION
Girders with corrugated web, 2.0; 2.5 and 3.0 mm in thickness and 330 to 1500 mm in height, are used to obtain a significant self-weight reduction [18] . Experimental investigations described in studies [ 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15, 16] show that in SIN girders, phenomena occur that decrease their shear resistance below the resistance of SIN girders under pure bending, estimated on the basis of the code and studies [18, 19] , [4, 8, 13] . In study [5] , it was shown that rigid vertical stiffeners installed at the ends of simply supported girders substantially increase the critical shear resistance of the corrugated web. On the basis of [2] , it was demonstrated that tension diagonal braces used in near-support zones of SIN girders significantly increase the shear resistance of the corrugated web, thus making it possible to adjust the span of SIN girders to the span resulting from pure bending. In FEM numerical models, different web failure modes, observed in physical experimental research into SIN girders were taken into consideration [2] . That was done depending on the inclination angle β β of tension diagonal braces and the web thickness, namely: 1) when the inclination angle of diagonal braces β < 45°, the web yield along diagonal braces occurred, which correlated with a major increment of force in tension diagonal braces, 2) when the inclination angle of diagonal braces β > 45°, the web buckling between diagonal braces and flanges occurred. Phenomena encountered in experimental research [2] were represented using the Finite Element Method (Abaqus [1] ). The application of the FEM analysis to numerical estimation of shear resistance of corrugated web girders reinforced with tension diagonal braces was presented. Numerical FEM analysis of the shear resistance of corrugated web girders reinforced, in near-support zones, with tension diagonal braces was conducted using nine models. The webs of corrugated sheet, which had the heights of 500, 1000 and 1500 mm, and thicknesses of 2; 2.5 and 3 mm are shown in Fig. 1 . The study provides a comparison of the estimates, produced with the Abaqus software, of the critical and ultimate resistance in the numerical models of girders reinforced with tension diagonal braces in near-support zones, with experimental results, and also with the resistance of unreinforced girders calculated acc. EC 3 [19] .
MODELS OF GIRDERS FOR THE FEM ANALYSIS
Numerical resistance estimation, with the use of the Abaqus software, was performed for simply supported girders reinforced with tension diagonal braces, having the span of L =3150 mm. The girders, which were experimentally investigated before [2] , are shown in Fig. 1 . Girder models were denoted as follows: R 21 (WTA 500/300x15), R 22 (WTA 1000/300x15) and R 23 (WTA 1500/300x15). Corrugated webs of experimental girders R 21, R 22 and R 23, having the thickness of t = 2mm, were made from S235 steel, whereas flanges were from S275 steel. In girders R 21 and R 22, tension diagonal braces, from double angles 2x40x40x5, were made from S275 steel. However, in girder R 23, those were from angles 2x40x40x6. The geometry of the girders of concern, namely R21, R22 and R23, scaled to full size, is shown in Fig. 1 . In numerical models used for the FEM analysis, shown in Fig. 2 , girder geometry was represented acc. Fig. 1 . Girder measurements revealed geometric imperfections, which were negligibly small. Consequently, numerical models reflected the shapes Figure 1 . Corrugated web girders subjected to experimental tests [2] of actual girders without taking imperfections into account. Under CAD, the wave of corrugated web was modelled as a sinusoid. Then, it was transferred to the Abaqus program to create the final shape of the web, which had the required height and length. Flanges, ribs, angles and the corrugated web were modelled using S4R shell elements. They are 4-node doubly curved shells with reduced integration. Each node includes six degrees of freedom: three translations and three rotations. To devise the models, 37.527 (h=500 mm models), 56.069 (h=1000 mm models), 76.306 (h=1500 mm models) quad-dominated finite elements were used. Thicknesses ascribed to all component elements corresponded to the real values measured in full size girders. Numerical models of girders were supported on the ends of the stiffener. On one side, the support was pin, on the other, roller one. Additionally, to prevent lateral torsional buckling, the possibility of lateral displacement in the area of central stiffener was excluded. The FEM analysis was performed for all nine numerical models of girders reinforced with tension diagonal braces. The webs were 500, 1000 and 1500 mm in height, and 2; 2.5 and 3 mm in thickness (Fig. 2) .
Materials tests on steel used in experimental models
Steel strength tests were carried out in accordance with the standard [20] on samples cut out from flanges and the corrugated web of experimental models R21, R22 and R 23. Tests on the web yield strength were performed on six samples randomly collected from along the web fold in each girder. For flanges, tests were run on three randomly collected samples. Table 1 presents selected results of materials tests. Column 2 gives mean yield strength of the web f y . Column 3 shows the mean tensile strength limit f u of the steel web along the fold. Columns 4 and 5 show percentage elongation in the web steel at the maximum tensile force, and at fracture. Columns 5, 6, 7, 8 and 9 list mean yield strength f y , tensile strength f u , elongation and the modulus of elasticity of the flange steel. The web modulus of elasticity was assumed to be 210 GPa. 
FEM ANALYSIS

Type of numerical analysis
The Abaqus software offers three types of numerical analysis. Those include the following: 1) linear buckling analysis; 2) the Newton-Raphson method, and 3) the Riks method. In the Newton-Raphson method, force or displacement can be the solution control parameter. In this analysis, the Riks method was employed, in which the so called "path parameter" is used as a control parameter. The Riks method allows finding a solution regardless of the web buckling mode. The method makes it possible to find the loaddisplacement relation at the end of each load step. The ultimate resistance that is sought can be determined at different accuracy levels. While seeking load-displacement relation, load could be increased or decreased. The problem was described by Memon in study [12] .
Load and boundary conditions
In all numerical models ( Fig. 1) , the boundary conditions adopted were the same as for girders undergoing experimental research [2] . Numerical models were pin supported on one side, whereas on the outermost stiffeners, the support was roller. Conversely, the girders used in the experimental tests were supported by pin and roller support, i.e. a bearing.
The results of the materials test presented in Table 1 were adopted as the materials parameters. In the numerical study, the model of material represented was in accordance with Eurocode 3 [19] . The model was based on the results of materials tests on steel properties used in experimental models, in which the Huber-Mises-Hencky yield criterion was accounted for. The longitudinal load on the stiffeners (Fig. 1) , in the form of a pair of concentrated forces 2 x P/2, was applied to the central stiffeners of the models on plates thickness 25 mm. The loading step was linear until the girder stability loss occurred. Then, it became non-linear until the moment the girder ultimate resistance was reached. After the ultimate resistance was exceeded, the model became unloaded.
Numerical estimation of failure modes in numerical models of girders
Different failure modes of numerical models were shown. Those were examined for the inclination angle of tension diagonal braces of β < 45° and the web height of 500 and 1000 mm, and also β > 45° and the web height of 1500 mm.
In the first stage of the failure of numerical models of girders reinforced with tension diagonal braces, tension fields appeared in the corrugated web along diagonal braces (Fig. 3) .
In numerical models of girders 500x2; 500x2.5; 500x3; 1000x2; 1000x2.5, with the inclination angle of tension diagonal braces β < 45°, tension lines led to the formation of yield zone in the web. Yield zone in the web developed along diagonal braces (Fig. 4, Fig. 5 ). After the local stability loss of the web, the formation of yield zone occurred mildly, causing a slight decrease in the load on the girders. As regards numerical models 500x2 and1000x2 with the web thickness of 2 mm, failure modes found in numerical and experimental investigations turned out to be identical (Fig. 4, Fig. 5 ). In the numerical model of girder 1500x2, with the inclination angle of tension diagonal braces β > 45°, tension lines led to the formation of the yield zone (1) in the web, outside the line of diagonal braces (Fig. 6b) . That resulted in the occurrence of the web local stability loss. In experimental research, however, the web buckling out of plane (2) occurred (Fig. 6a) . The web global stability loss (Fig. 6a) caused an abrupt formation of the yield zone, and a reduction in the girder web resistance, associated with a step increase in the load on diagonal braces. That resulted from a mild slippage of the roller bearing used in experimental investigations. The slippage caused minor decrease in the critical resistance of the web compared with the solution, used in FEM analysis, in which the support was located on the outermost stiffener. As the web cross-section increased and r/tw (radius of web bending /web thickness) ratio changed, in numerical models 1500x2.5 and 1500x3 with the inclination angle of tension diagonal braces β > 45°, after tension lines appeared, the web buckling out of plane (Fig. 7b ) also occurred. A similar nature of the web failure was observed in the numerical model 1000x3 with the inclination angle of tension diagonal braces β < 45° (Fig. 7a) . That shows the effect of the web cross-section thickness and the inclination of tension braces on the failure mode of the corrugated web. In all nine numerical models, in the final stage, tension field in the web produced a curvature in the lines of yield zones (1), tangential to the flanges, and also the bending of the flanges (3) in the girder plane (Fig. 4, 5, 6 ).
In the zone of the web elastic displacements, a slight increment of the stress-to-allowable-strength ratio c was found in diagonal braces. However, the occurrence of tension fields in the web, after the global stability loss of the web between diagonal braces and flanges, caused a significant increase in stress-toallowable-strength ratio of tension diagonal braces (Fig. 8) .
In all numerical models of corrugated web girders reinforced with diagonal braces, significant increase in ultimate resistance N uRd,L , critical resistance N cr,L and a decrease in global ultimate displacements y were observed when compared with unreinforced girders. The results of FEM analysis were in conformity with the results of experimental investigations.
COMPARISON OF RESISTANCE OF SIN GIRDERS OBTAINED ACCORDING TO: FEM NUMERICAL ANALYSIS, EXPERIMENTAL INVESTIGATIONS, AND ANALYTICAL CALCULATIONS [19]
On the basis of displacement y measured at the midspan and load P, global LDPs P(y) were derived for all numerical models of girders reinforced with diagonal braces. Exemplary global LDPs P(y) for numerical models of girders reinforced with tension diagonal braces 500x2, 1000x2 and 1500x2 are presented in Figs. 9a, 10a, and 11a. A clear boundary between rectilinear and non-linear part of the global displacement (Fig. 9a, 10a, 11a ) was adopted as a point of the web stability loss in numerical models P 1 (N cr,L ).
In global LDPs P(y), the co-ordinates of the characteristic points P 1 (N cr,L ) and P 2 (N uRd,L ) were marked, LDPs P(y) for numerical models of girders reinforced with diagonal braces, obtained using the FEM analysis, and for experimental investigations. The profiles of load-displacement paths produced by FEM and by experimental tests are similar. After the web stability loss at point P 1 (y 1 ), LDP P(y) discontinuity occurred, and also curvilinear growth pattern was revealed until the ultimate resistance was reached (point
For numerical models with webs 500x2 and 1000x2 mm, the estimates of the ultimate resistance N uRd,L obtained using the FEM analysis turned out to be up to 10% higher when compared with experimental results (Table 2 , Column 7). As regards girders with the web 1500x2, the numerical model showed only local stability loss of the web, which resulted in the ultimate resistance increase by 25% compared with the experiment (Table 2 , Column 7). Experimental investigations indicate that at the ratio a/h and r/t w (radius of web/thickness of web), the geometry of the mode of the web stability loss is changed from global to local. That phenomenon was also revealed in numerical estimation. When the Abaqus software is used to estimate the ultimate resistance of corrugated web girders reinforced with tension diagonal braces, it is necessary to reduce the web ultimate resistance by 10% for girders with h = 500 and 1000 mm, and by 25% for girders with h = 1500 mm. Table 2 , Columns 3 and 4), 2) estimates of the ultimate resistance N uRd,L and the critical resistance N cr,L of numerical models of girders reinforced with tension diagonal braces acc. FEM. Similar to experimental investigations, the highest 95% increment of the girder ultimate resistance was found for the reinforced girder model 500x2. As 
DIVISION OF LOAD-DISPLACEMENT PATHS IN SIN GIRDERS REINFORCED WITH TENSION DIAGONAL BRACES ACC. FEM
In order to illustrate the impact of diagonal braces on the transmission of the shear load, LDPs P(y) were divided into the component resulting from bending moments LDP P(yM) and the one resulting from shear forces P(y V ). Figs. 13a, 14a, and 15a show divided LDPs for exemplary numerical models of girders 500x2, 1000x2 and 1500x2. The effect of diagonal braces on shear displacement y V in the pre-critical range of operation of the corrugated web in girder numerical models was determined on the basis of shear stiffness K V of the trussed girder range, estimated from dependence (1) [2] :
where: K w -shear stiffness of the corrugated web, K L -shear stiffness of diagonal braces. 
(1) On the basis of the ratio of the stiffness of diagonal braces K L to the web stiffness K W acc. [2] , the shear force V was divided into that exerted on the diagonal brace V L and that acting on the web V W .
Load-displacement paths divided into those resulting from the impact of shear force P(y V ), the impact of the web P(y Vw ) and that of the diagonal brace P(y VL ) are shown in Figs. 13b, 14b , and 15b. In Figs. 13, 14 , and 15, a continuous line is used to denote LDPs P(y M ) produced by bending and by shear forces P(y V ), P(y VL ) and P(y Vw ), determined in the elastic range. The theoretical patterns of LDPs resulting from shear forces P(y V ), P(y VL ) and P(y Vw ) (Figs 14b, 15b , and 16b) after the web stability loss are shown with a broken line, while taking into account the elastic operation of girder flanges and diagonal braces of girders.
On the shear LDP P(y V ), divided into the LDP of the web P(y Vw ) and that of the diagonal brace P(y VL ) (Figs 9b, 10b, and 11b) , the co-ordinates of the characteristic points, namely P 1 (y V1 ) and P 2 (y V2 ), were marked. The characteristic points on the shear LDP P(y V ), i.e. P 1 (y V1 ) and P 2 (y V2 ) (Figs. 13b, 14b , and 15b), correspond exactly to the characteristic points on the global LDP P(y), i.e. P 1 (N cr,L ) and P 2 (N uRd,L ). The former ones are merely shifted horizontally in accordance with the shift phase of shear displacement. The point of the web stability loss P 1 (N cr,L ) on the shear LDP P(y V ) corresponds to the bend of the divided LDP of the web P(y Vw ).
The cooperation of the diagonal brace with the web in the elastic range proceeds until the web stability loss. When, however, the web critical resistance is exceeded, the whole of the shear load increment is taken over by tension diagonal braces. Table 2 shows the shear force divided into the corrugated web and diagonal braces of the examined numerical models of girders reinforced with tension diagonal braces. Columns 2 and 3 give the critical resistance N cr,L and ultimate resistance N uRd,L measured by load P. Columns 5 and 6 show the critical shear force divided into the web and diagonal braces acc. [2] . Column 7 contains the ratio of the critical shear force transmitted by diagonal braces to the critical shear force transmitted by the web V cr,L /V crw (see Figs 13, 14, and 15) . Figure 16 shows the share of the web (V crw ) and diagonal braces (V crL ) in transmitting the shear force acting on individual numerical models of girders reinforced with tension angles. On the basis of the Abaqus software, it is possible to estimate the resistance of the diagonal brace from formula 2:
where: V -expected shear load; V crw -the critical shear resistance acc. Table 3 ; γ cr = correction factor equal to 0.9 for girders with approx. h=500 and 1000 mm and 0.75 for girders with approx. h=1500 mm; β -angle of the diagonal brace inclination to the flange. Hence, the necessary cross-section of tension diagonal brace can be written using formula (3):
where: f y -yield strength of steel used in tensioned diagonal brace. However, it should be noted that the formula proposed for determining the cross-sectional area of tension brace does not account for restraints related to the resultant tension force that affects the resistance of flanges and ribs of the SIN girder. After the transformation, the expression for the resistance of the SIN girder reinforced with diagonal can be determined from dependence (4): [19] does not differentiate between SIN girders loaded with pure bending and those under bending and associated transverse forces. 2. When SIN girders are used, it is necessary to check the critical shear resistance of the web, which puts a limit on girder resistance. 3. An effective increase in shear resistance and stiffness of corrugated web girders can be obtained by reinforcing the web with tension diagonal braces, especially in the near-support zones. 4. The study presents the way of estimating, with the use of the Abaqus software, the critical and ultimate shear resistance of SIN girders reinforced with tension diagonal braces. To this end, the Abaqus software was adjusted to calculate the critical and ultimate shear resistance of SIN girders reinforced with diagonal braces. The results were compliant with the results of experimental investigations [2] . When the ultimate resistance was estimated with the Abaqus software, the true stressstrain curve from steel materials tests was employed. It is also possible to apply the elasticplastic model without strain hardening. 5. The optimal corrugated web strengthening with tension diagonal braces should be selected in such a way so that the reinforced girder would be able to safely support the shear load associated with bending. 6. Tension diagonal braces increase shear stiffness of the web and enhance overall resistance of girders. An increase in the cross-section of diagonal braces, relative to necessary dimensions, contributes to an increase in the critical resistance of the corrugated web. 7. With the use of tension diagonal braces, it is possible to increase the shear resistance of corrugated web girders by as much as 95% in comparison to the shear resistance of the girders calculated according to Eurocode 3 [19] , especially in the near-support zones. 8. The shear resistance of girders with corrugated web reinforced with tension diagonal braces V = V crL + V crw should be greater than the shear force transmitted through the web and diagonal braces. When the value of the critical shear force Vcr is exceeded, the result is a permanent deformation of the web, but not a failure.
General conclusion: in numerical estimation of design resistance of girders with corrugated web, it is essential to check shear resistance of the girder, and if necessary, to take web reinforcement into account.
